Differences in ACTN3 (alpha-actinin 3) genotypes have been reported among endurance and power athletes. Elite athletic performance in endurance sports should also depend on mitochondrial oxidative phosphorylation (OXPHOS) that produces ATP for muscle metabolism. We determined mitochondrial DNA (mtDNA) and ACTN3 genotypes in Finnish elite endurance (n ¼ 52) and sprint (n ¼ 89) athletes, and found that the frequencies of mtDNA haplogroups differed significantly between the two groups. Most notably, none of the endurance athletes belonged to haplogroup K or subhaplogroup J2, both of which have previously been associated with longevity. The frequency of ACTN3 XX genotype was higher and that of RR was lower among Finnish endurance athletes, and, in addition, none of the top Finnish sprinters had the XX genotype. Lack of mtDNA haplogroup K and subhaplogroup J2 among elite endurance athletes suggests that these haplogroups are 'uncoupling genomes'. Such genomes should not be beneficial to endurance-type athletic performance but should be beneficial to longevity, since uncoupling of OXPHOS reduces the production of ATP, reduces the release of reactive oxygen species and generates heat.
Introduction
Elite athletic performance is a complex trait, which displays a genetic trade-off between speed and endurance. 1 The I allele of angiotensin-converting enzyme (ACE), for example, has been associated with good endurance performance 2 -4 and the D allele with good sprint performance. 5 Furthermore, the 577XX genotype of the ACTN3
(alpha-actinin 3) gene, leading to a loss of a-actinin-3 in fast-twitch muscle fibres, is more common among endurance athletes, whereas the wild-type 577RR genotype is more common among sprinters. 1 An association has also been suggested between good physical performance and polymorphisms in genes encoding proteins of mitochondrial energy metabolism. A polymorphism in the uncoupling protein-2 gene has been associated with good exercise efficiency, 6 and the 8794C4T transition in the MTATP6 gene, which determines mitochondrial DNA (mtDNA) haplogroup A, has been associated with good performance in endurance running. 7 Aerobic ATP generation by oxidative phosphorylation (OXPHOS) in the mitochondrial respiratory chain is a prerequisite for prolonged muscle exercise. Out of 480 subunits of the respiratory chain enzymes, 13 are encoded by mtDNA that is a 16 568-bp maternally inherited genome. Interestingly, good aerobic performance has been found to be maternally inherited more often than paternally inherited. 8, 9 Furthermore, patients with mutations in mtDNA commonly present with exercise intolerance, muscle weakness and increased production of lactic acid. 10 An association has been found between several mtDNA control region polymorphisms and endurance capacity in sedentary men, 11 and between morph variants of MTND5 and the level of maximum oxygen uptake, 12 suggesting that certain mtDNA lineages may contribute to good aerobic performance. Endurance runners should have highly efficient ATP production by OXPHOS, whereas sprinters may rely more on anaerobic glycolysis. Despite the crucial role of mitochondrial function in endurance performance, and despite the recent data on lineagespecific differences in mtDNA, 13, 14 differences in mtDNA haplogroups between sprinters and endurance runners have not previously been reported. We therefore set out to study mtDNA haplogroup and subhaplogroup frequencies in Finnish track and field athletes competing at the top level in endurance or sprint events. Furthermore, ACTN3 genotypes were assessed as a possible confounding variable.
Subjects and methods

Subjects
The subjects consisted of 141 Finnish elite track and field athletes (52 endurance athletes, 89 sprinters) including three pairs of twins (two among endurance athletes, one among sprinters) and five pairs of siblings (one among endurance athletes, four among the sprinters). Data on mtDNA haplogroup frequencies in 1060 Finnish control subjects were included in the analyses. 15, 16 Athletes were included, if they had participated in the national track and field championships and/or in a national-level crosscountry race. Their best achievements were requested and they were considered top athletes, if they had represented Finland in the European or World Track and Field Championships (20 endurance athletes, 23 sprinters). Endurance athletes were runners whose main event was a race between 800 m and a marathon, or walkers, and sprinters were athletes whose main event was a race between 100 and 400 m, or a field event. The birthplace of the maternal grandmother of the athletes was determined. Among the endurance athletes, 77% of the maternal grandmothers had been born south from the 641 latitude, and among the sprint athletes the corresponding figure was 82%. Furthermore, 81% of the controls had been born in this part of the country. These figures suggest that the groups were homogenous in their geographical background. The study was approved by the Ethics Committee of Oulu University Hospital, and the athletes signed a statement of informed consent. The samples were collected from the athletes at the main national training camps with the permission of the Finnish Athletic Association.
Methods
MtDNA haplogroup and subhaplogroup analyses Total DNA was isolated from the blood cells using a QIAamp Blood Kit (Qiagen, Hilden, Germany). The mtDNA haplogroups and subhaplogroups were determined by restriction fragment analysis, 17, 18 or, by direct sequencing if a restriction site was not available (Table 1) . Sequence variation in the European population was used to identify the polymorphisms that determine the mtDNA subhaplogroups. 18, 19 The allele status at position 8794 in MTATP6 was determined by direct sequencing.
ACTN3 genotyping ACTN3 genotypes have previously been found to differ between endurance and sprint athletes. 1 We determined these in order to assess whether they were a confounding variable in association analyses of mtDNA haplogroups. They were determined based on the C4T transition at nucleotide 1747 in exon 16, which leads to the replacement of an arginine codon by a stop codon. 21 Allele 577R (codon CGA) can be distinguished by the absence of a DdeI restriction site, and allele 577X (codon TGA) by its presence. 22 Digested PCR fragments were separated by 2% Metaphor s Agarose (Cambrex Bio Science Rockland, Inc., Rockland, ME, USA) gel electrophoresis. In total, 40 (77%) of the endurance athletes and 68 (76%) of the sprinters, including one pair of twins, participated in the ACTN3 genotype analysis. Anonymous samples from 120 Finnish blood donors were used as controls.
Statistical analyses Exact test of population differentiation was used to assess differences in the frequencies of mtDNA haplogroups between the endurance and sprint athletes and to analyse differences in mtDNA haplogroup frequencies between the three ACTN3 genotypes.
Results
The frequencies of mtDNA haplogroups differed between the endurance and sprint athletes (P ¼ 0.039) ( Table 2) . Most notably, the frequencies of haplogroups J and K were higher among the sprinters. Only one endurance athlete belonged to haplogroup J (1.9%), whereas the frequency of this haplogroup among the sprinters was 6.7%. Two of the sprinters belonged to subhaplogroup J2, while the remaining four sprinters and the endurance athlete belonged to subhaplogroup J1. None of the endurance athletes belonged to haplogroup K, whereas the frequency of this haplogroup among the sprinters was 9.0%. In addition, four endurance athletes (6.6%) belonged to haplogroup I, but none of the sprinters. The frequencies of mtDNA haplogroup clusters (HV, KU, IWX, JT) did not differ significantly between the groups. None of the Finnish athletes harboured 8794C4T in MTATP6.
The possibility of recent common maternal ancestors was examined by using information on the birthplaces of the maternal grandmothers of the subjects. We identified only two pairs of cases with identical mtDNA subhaplogroup and with the same city of origin of the grandmother. In both cases, the subjects belonged to subhaplogroup H1. This subhaplogroup is frequent among the Finns suggesting that the possibility of a recent common maternal ancestor is low.
We found that the frequency of the 577XX genotype of ACTN3 was lower and that of 577RR higher among the sprinters than among the endurance runners, and when the groups were stratified into subsets on the basis of their best achievements, there was an inverse correlation (P ¼ 0.03) between the frequency of 577XX and success in sprinting events (Figure 1) . Furthermore, none of the top sprinters harboured the 577XX genotype. There were no differences in mtDNA haplogroup frequencies between the three ACTN3 genotypes (P ¼ 0.98; exact test of population differentiation).
Discussion
We found that the frequencies of mtDNA haplogroups differed significantly between Finnish endurance and sprint athletes. None of the endurance athletes belonged to either subhaplogroup J2 or haplogroup K, whereas the combined frequency of these was 11.2% among the sprinters. The frequency of subhaplogroup J2 in the Finnish population is at least 1.5% and that of haplogroup K 3.0% making the combined frequency of these haplogroups among the Finns 4.5%. 15 Both haplogroup J and haplogroup K are minor in European populations and, therefore, small changes in the frequencies of the cases within study groups may abolish the significance of the statistical testing. Interestingly, however, an association has been found between haplogroup J and longevity 16, 24, 25 and subhaplogroup J2 in particular is more frequent among the very old than among controls. 16 Haplogroup K has also been associated with longevity, 25, 26 or shows a trend for increased frequency in the very old. 16, 24 Thus, the subhaplogroups that are found at an increased frequency among the very old are rare among endurance athletes suggesting complementarities between these data. We found that the 577XX genotype of the ACTN3 gene was less common among Finnish sprinters and that none of the top sprinters harboured this genotype. A trade-off between endurance and sprint performance traits seems possible, since the 577XX genotype has been found at a higher frequency among endurance athletes than among sprinters, while none of the most successful sprinters has been found to harbour this genotype. 1 These differences in the distribution of the ACTN3 genotypes did not, however, explain our finding that mtDNA haplogroups differ between the two groups of athletes. The 577XX genotype of ACTN3 is present in approximately 16% of the world's population, 21 and although it causes complete absence of a-actinin-3 in fast-twitch skeletal muscle fibres, it is not associated with any clinical phenotype. 21, 22 Endurance athletes should be a highly selected group in terms of efficiency of ATP production. The main function of the mitochondria is to produce ATP by OXPHOS, and while the uncoupling of OXPHOS generates heat, it concomitantly reduces the production of ATP due to decreased proton translocation across the mitochondrial inner membrane or due to proton leak via ATP synthase. 27 Uncoupling of OXPHOS also lowers the production of reactive oxygen species (ROS), which are its oligatory by-products. 27, 28 ROS may play a role in ageing, 29, 30 for interestingly, mice with enhanced mitochondrial uncoupling live longer 31 and mice with deficient 
The haplogroups and subhaplogroups were determined by restriction fragment analysis, or by direct sequencing when no restriction site was available. Subhaplogroup K1 is defined by 1189T4C, 19 and 9093A4G defines a subset of this subhaplogroup which appears to be fairly frequent among the Finns. 18 Allele status at a variable site is reported relative to rCRS. + ¼ gain of restriction site, À ¼ loss of restriction site, NA ¼ restriction site is not available. Restriction site created by use of a mismatched oligonucleotide. 20 uncoupling produce more ROS. 32 An mtDNA genotype leading to less efficient OXPHOS and lower ATP production (an 'uncoupling genotype') would therefore produce less ROS as well 33 and probably promote longevity. MtDNA polymorphisms that increase uncoupling and concomitant heat production may have been important in climatic adaptation, and may therefore have been subject to positive selection. 14, 34 Indeed, neutrality tests have revealed lineage-specific differences between the various European mtDNA haplogroups and haplogroup clusters, suggesting that mtDNA has evolved in a lineage-specific manner. 13 We suggest that subhaplogroup J2 and haplogroup K are 'uncoupling genomes.' There are no previous studies on biochemical properties of cells harbouring different mtDNA lineages, but, interestingly, sperm cells harbouring mtDNA haplogroup T have been found to be slower in motility than cells harbouring haplogroup H. 35 
